This work presents the concept of a photovoltaic (PV)-powered solar chimney. We modeled and experimentally studied the integration of a PV system within a naturally ventilated façade (NVF), attempting to use the inherent cavity as a ventilation channel to transfer heat. Thermodynamic models were created to study the thermal and, therefore, the electrical performance of a PV system installed at different positions within the cavity of the NVF. An experimental setup of the PV chimney was manufactured to validate the computational models. Results show low root mean square error (RMSE) values for the prediction of the mass flow and the temperature of the different materials considered in the chimney. A basic sensitivity analysis was performed to find the best position of the PV modules within the chimney for a three-story household in the Netherlands. Optimization showed that with a cavity depth of 0.2 m with PV modules located at the front layer, the electric annual yield is maximized. For the same cavity depth, placing the modules in the middle significantly increases heat flow production, albeit with a reduction on electrical performance.
The thermodynamic behavior of this system is modeled in MATLAB and validated with an experimental prototype. The model presents the performance of the system in different configurations and allows to find the most optimum geometry (cavity depth, height, and length) with respect to the energy performance of buildings, taking into consideration heating, ventilation, and electricity production.
| MODELING OF A PV CHIMNEY FAÇADE
Naturally ventilated façades (NVFs) are designed to increase the energetic performance of buildings. These devices use the incident solar irradiance to create a temperature profile from the bottom to the top of the building. This profile generates an airflow within the cavity, which is driven by buoyancy forces created owing to temperature difference between the contained air and the ambient air. This flow can be used, among others, for ventilation purposes, thus reducing the demand of electricity. Details for different NVF concepts can be found in Oesterle et al. 8 Different approaches to model the behavior of a NVF have been proposed during the last decade. Analytical models like the one by Von Grabe, 9 nondimensional analysis, 10 one-dimensional lumped element as described in Rheault and Bilgen, 11 nodal network models as used in Gratia and De Herde 12 and Ioannidis et al, 13 and computational fluid dynamics (CFD) methods such as those by De Gracia et al. 14 This work uses a model based on a combination of a control volume model (CVM) and an analytic mass flow model created entirely in MATLAB and will be briefly explained in Section 2.2. User inputs of the CVM are meteorological data of the location, the chimney layout (height, width, depth, and building materials), the total surface of the PV façade, the PV module specifications, and the orientation in which the chimney is meant to be installed. Given the overall layouts of NVF, all heat transfer mechanisms are described in 2D. It has been proven that such an approach yields accurate results for aspect ratios (height divided by depth) larger than 2. Wong et al 15 demonstrated an error of 4% of 2D models that fulfill this condition when compared with more sophisticated 3D models of the same geometry. In general terms, the model works as follow: To find the heat flux transferred to the airflow, the finite volume method is used. The increase in surface temperature due to the irradiance reaching the chimney is found. The combined convective heat transfer from the surfaces to the airflow is calculated and used as input in the mass flow model. Both models are solved by iteration.
| Irradiance model
The model uses the meteorological data as one of its main inputs. The user can provide a typical meteorological year (TMY) file to provide hourly data of global horizontal irradiance (GHI), diffuse horizontal irradiance (DHI), and direct normal irradiance (DNI). The MATLAB model has embedded a solar position calculator following the method described in Smets et al. 16 The contribution on the plain of array irradiance over a vertical layer from the direct component of the irradiance is denoted by Equation (1) .
where the cosine parameter represents the angle of incidence on the plain of array, denoted by Equation (2) .
cosðθÞ ¼ cosðA TS Þ × cosðA ZL − A ZS Þ:
Diffuse irradiance component contributions are calculated via Equation (3):
which represents the contribution of the diffuse component for a free horizon on a vertical surface. The contribution of the ground irradiance was considered by
where Λ represents the value of the albedo of the ground. The sum of the values obtained in Equations (1), (3) , and (4) gives the plane of array irradiance on a layer in the chimney before reflectance losses:
| Control volume method
The model divides the geometry of the PV chimney into finite volumes. These are defined by the number of vertical volumes and the number of horizontal volumes per layer, both of which can be defined by the designer of the chimney. The number of horizontal volumes on each layer must be equal for all of the layers. Air layers have only one horizontal control volume, given the nature of the mass flow model as described in Section 2.2.3. An adjustable material database is included in the model. This database can be extended, and the user can choose any material present in the database to design the chimney.
An energy balance is created for each control volume and surface created in the model. Temperature calculations are done by the solving the energy equations at each layer using a first-order implicit central difference scheme. Since mass flow is considered as onedimensional upward flow, a first-order upwind scheme is used for the calculation of heat transfer by the movement of air. Once all the equations are obtained, a matrix A and a vector b are created as described by Equation (5) . In this way, Gaussian elimination can be used to solve the set of equations and obtain the temperature at each control volume, thus defining a temperature profile over the entire chimney. Figure 1 shows a schematic representation of how the model constructs the matrices to perform the iterative calculations used to find the heat fluxes and surface temperatures. The PV panel is considered to be installed inside the cavity of the chimney, and its position will be moved to find the best energy performance for a given location and energy need.
| Optical losses and PV power calculation
The first calculations performed by the model are the optical losses on the incident irradiance into the first glass layer of the chimney. Solar radiation and grey body radiation are treated separately.
The first reflection on the front glass is calculated considering the angle of incidence of light in the plane of array (determined by Equation 1) and the refractive index of glass, here considered constant over all the wavelengths and equal to 1.52. 17 Backside reflectances are not considered in this model, as explained by Figure 2 . Reflective losses are found first by averaging the reflectance of the perpendicular (r p ) and the parallel (r s ) polarized light, described by the following equations.
where ri 1 and ri 2 are the refractive indexes of the incident medium (air) and the glass, respectively, and θ t is the angle of transmittance, which can be calculated via the Snell law by
Lastly, the total reflectance is found using Equation (9):
Since the refractive index of air is considered equal outside and inside the chimney, the angle of incidence of light on the PV modules will be equal to the angle of incidence of light in the front glass. The effective irradiance reaching each layer is then defined by
The absorbed irradiance is considered as a source of heat ( _ q abs ) on each control volume (N) of the different layers. On general terms, this quantity is calculated by
where α is the extinction coefficient of the material (which for glass was considered constant and equal to 8.7 m −1 ) and d is the thickness of the layer and in the model also equal to the control volume depth.
Transmitted irradiance that reaches the next control volume is calculated by
where subscripts 1 and 2 denote two consecutive control volumes within any layer of the chimney. For the case of a layer, like the solar cells within the PV module located inside the cavity, this is expressed as
Notice that this effective irradiance I sc also considers the reflectance losses on the front surface of the module, as shown in Figure 2 . Once its value is found, the model calculates the PV power.
In this study, the PV module has the following characteristics: The power delivered by the PV module is adjusted for different angles of incidence of light and different operating cell temperature following the works of Haedrich et al 18 and Cotfas et al, 19 respectively, by altering the efficiency η. Then the power is calculated by
In the model, the PV module is divided into a number of control volumes equal to those chosen by the user. The middle volume is used to model the solar cells, and it is considered as a perfect absorber, meaning that no irradiance reaches the building layer. The effective irradiance on the solar cell is given by Equation (13) . The heat flux on the solar cells ( _ q sc ) is then defined as
| Heat transfer coefficient

Convection
Convective heat transfer occurs on all the different layers of the chimney; at the boundary between ambient air and the front glass, at the back boundary of the front glass and the air within the cavity, and on both boundaries of the PV with the air within the cavity. The most suitable equations for the Nusselt number to model the air within the chimney were identified to be
x Gr x < 10 9 ;
for laminar flow and
for turbulent flow, where x is the vertical distance along the walls. The
Grasshof number is calculated depending on the average temperature of the contained air and the boundary of the studied layer. The convective heat transfer coefficient is then calculated by
where κ is the thermal conductivity of air. Once h c is known, the heat flux from the boundary layer to the air is known, and the mass flow can be calculated. However, the mass flow also affects the convective heat transfer coefficient. Iteration is required to find the right value of h c .
Radiation
Since any object with a temperature above 0 K irradiates heat, the model makes a distinction between solar radiation and grey body radiation. For the latter, the radiation transmitted to the environment is defined by
where F 12 is the view factor of layer 2 seen from layer 1. A 1 is the area of layer 1, ϵ 1 is the emissivity of the material, and σ is the Stefan-Boltzman constant. T is the average temperature of layer 1 and layer 2, and T 1 and T 2 are the temperatures of layers 1 and 2, respectively. The radiative heat transfer coefficient is, therefore, defined by
To calculate the view factors, the following equation is used:
where d is the depth of the channel and H is the total height. In the model, the view factor is equally divided over the number of vertical control volumes, as follows:
The façade to environment view factor can be calculated by subtracting each layer view factor from the unity.
Conduction
For conduction, the 2D Fourier law is used, which is defined by
where Q src is heat generated by a source. c p is the specific heat, ρ is the density, and k is the thermal conductivity. In this model, the thermal properties of solids are considered constant.
| Mass flow model
There are three different analytical methods for calculation of the mass flow. The first one averages the temperature of the complete air channel, which is often referred to as the single zone model (see Figure 3A ). In this model, the pressure that drives the flow is calculated based on the difference between the channel temperature and the contained air temperature. The second model takes the variation of temperature with height into account and is referred to as the stratified model (see Figure 3B ). The driving pressure difference is calculated by integrating the density over the height of the chimney. 20 The resulting difference in density is used to calculate the pressure difference driving the flow.
Lastly, the plume model (shown in Figure 3C ) considers both horizontal and vertical variations in temperature. The correction factors of this model were adjusted to increase accuracy and adopted in the current model. Based on the works, 20-25 this model yields better accuracy than its alternatives for similar cases.
The model assumes a constant plume depth. However, the value of temperature within the plume varies, except for the air contained between the plumes, which is considered constant and equal to the ambient temperature. The model aims to solve the mechanical energy balance, as represented by Equation (24) in its simplified form.
The right side of the equation depicts the pressure loss due to inlet, outlet, and channel friction. The entrance and exit friction coefficients (K in and K exit ) are equal to 0.5 and 0.88, respectively. The model considers all cavity areas as equal (inlet, outlet, and shaft). The
Darcy friction factor ( f ) is calculated as a function of the Reynolds number, the hydraulic diameter of the plume (d h ), and the channel area (A). The left side shows the pressure difference as a result from the variation in density.
Density at channel's exit (ρ e ), the plume density (ρ p ), and the mean channel density (ρ ch ) are calculated using Equations (25) to (27) . The
Boussinesq approximation is used to calculate the density of the air in the channel and the resulting difference with the ambient air. The ideal gas law is considered for the calculation of the plume density
Finally, the channel depth ratio (ζ) and the weighted mean of the environmental and plume densities allow to calculate the channel density.
The thermal boundary layer (δ T ) is calculated using Equation (28),
where Ra H is obtained by the heat flux (_ q). The thermal boundary layer is then used to calculate the plume depth to channel depth ratio as shown in Equation (29) . In it, b is a correction factor that is found empirically, and n is the expected boundary layer within the plume.
In this work, n is always equal to 2, as the model considers each cavity of the chimney as a separate system with the middle layer (eg, the PV module) being common for each case. The plume depth to channel depth ratio is used to calculate the channel density and the hydraulic diameter of the plume. Notice that when this ratio is equal to 1, the plume model is equal to the stratified model.
Ra H Pr ð Þ 0:2 ;
Equations (30) will be referred to as "PV inside (PVI)" throughout the text. Another topology, without front glass, was also measured. This second layout will hence be referred as "PV at front" or PVF. The frame is made from four cylindrical wooden poles, allowing depth adjustment of the PV module. MDF extensions were added to the front layer. This was done to prevent irradiance by passing the first layer and directly reaching subsequent layers. The built setup is depicted in Figure 5 . The main measurements of the setup are listed below:
1. The maximum width was determined by the size of the PV module, which is 2 m.
2. The inlet of the chimney had the same size of the cavity, which varied according to the layout studied.
3. The inlet was located at 62.1 cm from the ground floor of the laboratory.
4. The outlet of the chimney was located at 164.1 cm from the ground.
5.
The outlet had the same size as the cavity and, therefore, the inlet. The sides were closed with plastic sheets to prevent horizontal draught. Layers were placed as vertical as possible, and inclination readers were taken at each new set of data collection.
| Large-area steady-state solar simulator
A LASS, developed by Eternal Sun, was used to produce irradiance.
The LASS is designed to reproduce irradiance conditions similar to for the remaining equipment according to the IEC 60904-9 standard.
However, at wavelengths larger than 1200 nm, a significant amount of irradiance is produced by the light sources, resulting in a total irradiance of roughly 1665 W/m 2 in the complete range of the sensor.
The front surface of the first layer was always positioned at a distance of 0.71 m from the lamps of the LASS to produce illumination as homogeneously as possible.
| Measurement sensors
Four variables were monitored by the use of five different sensors.
Their main characteristics are summarized in Table 1 . T-type Perfluoroalkoxy (PFA)-exposed welded tip thermocouples from RS components were used to measure front and back wall temperatures at each layer. A total of seven were used on each side to measure a temperature profile. Measurements were stored by using a PicoLog TC-08 USB data logger. Ambient temperature was also measured with a fully shaded thermocouple, thus preventing any potential measurement bias.
A hot sphere anemometer was used to measure both the temperature and velocity profile of air. The latter was then used to calculate the mass flow. Both the temperature profile and the mass flow were used to estimate the convective heat flow. The sensor used was a Testo hot bulb probe with 3 mm of diameter (reference 0635 1049) alongside the Testo 445 multifunction instrument, which was used to log all the measurements.
A humidity sensor was used to measure the humidity, since relative humidity could influence the Nusselt number by up to 2% and the Prandtl number by up to 5% under the current test conditions. 29 Finally, a pyranometer was used to measure the irradiance incident on both the front glass and PV module of the experimental façade.
In total, 42 thermocouples, three heat flux sensors, one humidity sensor, one hot sphere anemometer, and one pyranometer were used for this experiment. All measurements were recorded using their corresponding manufacturer data logger.
| Sensor placement
As mentioned before, seven thermocouples were used on each of the chimney layers to produce temperature profiles. Their distribution on each of the chimney layers is shown in Figure 6 . On the last layer of the PV chimney structure (the building wall), two heat flux sensors were used, replacing two thermocouples, the top and bottom ones.
Humidity sensor was attached to the structure and hidden from direct irradiance from the LASS. The anemometer was located at 0.10 m below the exit of the air channel.
Before starting the complete set of measurements, three small experiments were conducted to increase the accuracy and confirm initial assumptions in the model. First, since irradiance is the driving force behind the stack effect on the chimney, its impact on the measurement of air velocity was studied. It was found that by using a time scale of 20 seconds in the value averaging, the RMSE value was below that of the equipment error. Second, the natural draught of the room was measured. It was found that values equal or below 0.2 m/s could be caused by the room and not by the stack effect on the chimney.
Lastly, measurements were carried out to compare the inlet air temperature of the chimney and the ambient temperature of the room. It was confirmed that these values can be considered equal, as assumed by the thermal model.
| Topology measurements
Two main chimney topologies were considered for the measurements.
The first one considers the PV module as the front layer of the cavity, 
| Uncertainty
Bias errors were reduced by the use of automated data loggers for all the measurements, except the air velocity. This value was taken once the new position of the probe reached steady state. It was considered that the measurement could be performed once the value did not change for more than 20 seconds. Obtained data did not show any sign of bias.
Random errors were quantified via the mean squared error value (RMSE) or the standard deviation, which are equal when the bias error is zero. Calculation of the RMSE error was done via
| Results and analysis
Irradiance measurements
Irradiance measurements were carried out on 24 different points on both the front PV module, for the case of the PVF, and on the front layer of both the glass and the PV module located inside the cavity, for the PVI. Measured values are summarized in Table 3 . Irradiance values are not homogeneous across the front layer of the structure.
The largest vertical deviation has a value of 147 W/m 2 , and the largest horizontal deviation is 157 W/m 2 . Note. The distance from the top and the side for each measurement is shown in the second column and the second row, respectively.
Abbreviation: RMSE, root mean square error. Table 3 ) were omitted.
The reason for this is that it is considered that those values have negligible influence on the mass flow produced at the center. The obtained mean irradiance was 1665 W/m 2 . This high value is mainly produced by infrared emission coming from the light sources used on the LASS solar simulator, which increases the overall temperature of the layers.
This produces higher Rayleigh numbers, resulting in similar flow structures found on NVF with lower irradiance but greater height.
For the case of the PVI layout, the measured irradiance on the PV module located inside the cavity allowed to quantify reflection and absorption losses on the front glass. Given that the layers had the same height and width, measurements were taken on the same locations. Table 4 shows the measured values. The average absorption on the glass was found to be 27%. This high value is explained by the amount of infrared radiation emitted by the LASS. For both the PVI and PVF layouts, the PV module was installed but not connected, modeling a V OC condition. 
Environment air temperature
Air humidity measurements
According to Zhang et al, 29 the difference in the value of the Nusselt number for dry air contained within a channel at 77°C average temperature, with 50% humid air under the same conditions, is close to 1%. As Table 6 shows, such difference in humidity was never achieved; therefore, the effect on the Nusselt number can be considered negligible.
Surface temperatures
For the sake of brevity, only two layouts will be discussed in this section: a PVF with 0.2 m cavity and a PVI with a PV module located in the middle of a 0.2-m cavity (ie, two sub-cavities of 0.1 m each).
Surface temperatures were measured and then averaged over the entire duration of the activity. The RMSE was calculated and analyzed to see the effect of the different layouts. Table 7 shows the temperatures of the PVF, on both the front layer (the PV module) and the back layer (the building material, here MDF). The seven temperatures belong to each thermocouple located on each layer as depicted by Figure 6 .
A vertical gradient of temperatures (lower on the bottom, higher on the top) is expected. However, the nonhomogeneous nature of the LASS irradiance, as shown in Table 3 , produces a similar pattern in temperatures on the front surface of the PV module as that of the irradiance measured. Note. PVF and PVI follow the explanation found in Table 5 .
Abbreviations: PVF, photovoltaics as front layer; PVI, photovoltaics located inside; RMSE, root mean square error. Figure 6 .
Abbreviations: PV, photovoltaics; MDF, medium-density fiber; RMSE, root mean square error.
For the case of the PVI with a 0.2-m cavity depth, the surface temperatures can be found in Table 8 . higher. High velocity is the reason behind this difference, as it will be shown later.
Velocity profiles
Velocity profile measurements are shown in Figure 9 for the PVF with 0.2 m cavity and in Figure 10 for the PVI with 0.2 m cavity and the PV module in the middle. The reader is advised to note the difference on the scale of the y-axis between Figures 9 and 10 . Center velocity is larger in channel 1 when compared with that in the other cavities and shows close symmetry in shape with its temperature profile. It is also clear that the higher the surface temperature on a layer, the higher the velocity of air near its boundary. The air velocity in channel Note. The PV was located in the middle of 0.2 m producing two channels of 0.1 m. Readings were taken each second during all flow measurements. The RMSE of the readings is shown behind the plus minus symbol (±). The horizontal location of each thermocouple is depicted in Figure 6 .
Abbreviations: MDF, medium-density fiber; PV, photovoltaics; RMSE, root mean square error.
1 is almost three times that of channel 2, despite having the same depth, owing to their difference in temperature.
Heat flow
Integrating the product of density, velocity, and temperature difference gives the convective heat flow through the channel. Owing to the nature of the data, trapezoidal integration was used, and the convective heat flow is, therefore, given by
Δx i :
Thermophysical properties of air were obtained by linear interpolation on a lookup table similar to that of Rheault and Bilgen. 11 Given that humidity was considered negligible, dry air properties were used and specific heat was assumed constant and equal to 1007 J/kg K.
The heat flow is unidirectional given that across the width of the layers all properties were considered constant. Table 9 shows the results for all the topologies measured.
It can be observed that the incident heat, provided by the LASS solar simulator, is lower than the heat flux in channel 1. This is thermodynamically impossible. The reason for this discrepancy is the influence of direct irradiance on the anemometer. It can be seen that the values of heat flux in channel 2 is far more consistent. On this channel, the anemometer is completely hidden from irradiance coming from the LASS. With this, the values highlighted in red were discarded and not used for validation or analysis. The exit temperature over each channel depth is shown in Table 10 .
Mass flow
Trapezoidal integration of the product of velocity and density yields the total mass flow:
Δx i : (35) The results are summarized in Table 11 for all the topologies measured. Mass flow increases with channel depth for the PVF topology. For the case of the PVF, increasing the cavity depth from 0.1 to 0.2 m has a very small effect on the mass flow. However, using a similar depth and placing a PV module in the middle of the cavity more than double the flow. However, care should be taken since the front side measurements have been proven biased, as explained in Table 9 . Looking only at channel 2 shows that the flow difference between both layouts is not large. Note. The values in red are physically impossible. It is assumed that the irradiance incident on the anemometer significantly increased its readings.
Abbreviations: PVF, photovoltaics as front layer; PVI, photovoltaics located inside; RMSE, root mean square error. flow on the first channel must be greater. Thus, the PVI layout yields higher mass flow than does the PVF.
PV temperature
Given the important effect that temperature has on PV module performance, operating temperatures of the PV modules call for a separate analysis. Table 12 shows the average temperatures and RSME values for all the measured layouts.
It can be seen that as the cavity depth increases for the case of the PVF, the differences in temperatures become smaller. Going from a depth of 0.2 to 0.4 m, the variation of the back surface temperature in the PV module does not change significantly.
For the PVI layout, a trend seems to be clear: The closer the PV module is to the front glass, the higher its surface temperatures, both at the front and at the back. This applies to smaller depths in channel 1 more than in channel 2. In the latter case, since the temperature of the MDF is lower compared with the front glass temperature, the PV module temperature will be lower for smaller values of depth in channel 2.
It is important to remember that the LASS used induces a bias on the measurements. High infrared radiation and very small distance between the LASS and the front layer cause very large ambient temperature around the front layers, thus inducing effects not found on real-life applications.
| VALIDATION OF COMPUTATIONAL MODEL
| Irradiance model
The model created for the incident irradiance was compared with a similar system using the System Advisor Model (SAM), a validated model created by National Renewable Energy Laboratory (NREL). 30 As it can be seen in Figure 15 , both the direct and diffuse components on the plane of array are in good accordance with SAM results, which are validated models by NREL.
The root mean square difference of the model compared with SAM is 0.4%.
| Control volume model and mass flow model
Once the irradiance model was validated, inputs from the experimental setup were used on the control model and mass flow model to study their accuracy. Mean irradiance measured at the location of the thermocouples was used as input. Other relevant input variables are summarized in Table 13 . The time taken by the setup to reach steady state was less than 3 hours. Note. Channel 1 is the first channel from the front of the façade; channel 2 is the second channel.
Abbreviations: PVF, photovoltaics as front layer; PVI, photovoltaics located inside; RMSE, root mean square error. 25 was the only one in which an artificial light source is used.
The results obtained are strongly correlated to those of Liu. Other data sets also show a strong correlation with the modified Rayleigh number, but their gradients change from one another. Figure 11 shows that the model can accurately model the mass flow of the PVF layout. It is important to notice that, in Figure 11 , the data from Liu et al 25 were calculated with the correction factors presented in this work. Given that measurements for the layout of the PV module inside(PVI) produced a thermodynamically impossible scenario, owing to the significant impact that the irradiance from the LASS had on the anemometer, the validation for this layout could not be carried out.
| Local surface temperature
Vertical temperature profiles were calculated for each layer and compared with the measurements obtained. Figures 12 and 13 show the vertical profiles for the PVF and PVI layout, respectively. In the former, the cavity depth was considered as 0.4 m. In the latter, the PV module ted separately and can be found in Figure 14 .
Transient behavior was also compared for the different layouts ( Figure 15 ). The model presents a good agreement with the front side of the PV module on the PVF case, an overestimation of the MDF front surface, and a back MDF surface temperature difference that gets smaller with time ( Figure 16 ). This last difference might be improved if the ambient temperature is also varied with time and not considered fixed as in the model. Given the high power output of the LASS, the environmental temperature increased over time.
For the PVI layout, an underestimation of the front PV temperature is observed and a better agreement of the front MDF front layer temperature, as depicted by Figure 17 .
| Average values and RMSE
Convective heat flows were calculated by
All the results are summarized in Table 14 .
Differences between the model and measurements for each layout are depicted in Table 15 .
Relative RMSE values were obtained by dividing the absolute 
| PERFORMANCE OF A PV CHIMNEY: SENSITIVITY ANALYSIS
The performance of a PV chimney was carried out by comparing both topologies, PVF and PVI, for a three-story construction in Amsterdam, the Netherlands. The façade size, on both cases, was assumed to be 10 m by 10 m, oriented towards the south. The input variables for the models are summarized in Table 16 .
The model was used to perform a basic sensitivity analysis of the heat flow generation and electricity production for both the PVF and PVI cases. The first step was to study the effect of the channel depth on both variables. The depth was varied from 0.2 to 1.02 m in steps of 0.04 m. It was found that at smaller depths, heat flow generation changed significantly until it reached a plateau at 0.2 m. From this depth onward, the increase on heat flows grows slightly until a depth value of 0.4 m. The PVI, owing to its configuration, presents a higher heat flow than does the PVF (see Figure 18A ). However, the PV modules on the PVI layout work at higher temperatures than in the PVF layout, which reduces their electrical performance, as can be seen in Figure 18B . Note. f stands for the front surface of the layer, b stands for the back surface, 1 stands for the front air channel, and 2 stands for the back air channel.
Abbreviations: PVF, photovoltaics as front layer; PVI, photovoltaics located inside. Note. f stands for the front surface of the layer, b stands for the back surface, 1 stands for the front air channel and 2 stands for the back air channel.
Abbreviations: PVF, photovoltaics as front layer; PVI, photovoltaics located inside. For the PVI case, simulations were performed with the aim to find the best position of the PV module inside the channel. As in the case of the cavity depth, both yearly heat flow and electricity production were studied. The modules were located from 0.01 m from the front glass to 0.01 m from the masonry wall with steps of 0.01 m. An optimum for yearly heat flow production was found when the PV modules were located near the middle of the cavity, slightly closer to the front glass (see Figure 19A ). To maximize yearly electricity production, the middle of the cavity also yields the highest values, slightly closer to the masonry wall (see Figure 19B ). Overall, the optimum placing of the PV modules is in the middle of the cavity, at 0.1 m.
Further improvements for this model include complete modeling of the electrical and heat demand of households as function of their built areas; inclusion of the effect of the ambient wind speed; and automatic design optimization of a PVF or PVI that includes orientation, height, width, and cavity depth based on meteorological data for the location at which the technology is to be implemented.
| CONCLUSIONS
A new modeling method for the combination of two building energy methods, the PVF and the PVI of an integrated chimney, has been proposed and validated with experimental data. The user has the ability to provide inputs of meteorological conditions of the desired installation location, materials to be used, geometry of the double façade, and the specifications of the PV module chosen. The model calculates the resulting POA irradiance, temperature profiles, mass flow, and heat flow.
The relative RMSE of temperature, PV temperature, mass flow, and heat flow were found to be 14.6%, 7.3%, 14.9%, and 42.7%, respectively. Thus, it was found that both the PVF and PVI layouts could be modeled by a 2D control volume thermal model. The heat flow could also be modeled, although care should be taken regarding its accuracy.
A relative root mean square deviation (RMSD) of 0.4% was found when comparing the irradiance model of this study with the irradiance model of SAM. 30 A sensitivity analysis was conducted to find the effect of channel depth on the heat and electricity production of a PVF/PVI layout. An optimum cavity for the PVF layout is expected between 0 and 0.1 m. The generation of electricity by the PV modules within a PVI layout was found to increase at positions closer to the building wall, whereas the heat flow increased at positions closer to the front glass.
The optimum location for the PV module in the channel for the base case (total channel depth of 0.2 m) was found to be in the middle, at 0.1 m. 
